ABSTRACT: The speciation analysis of heavy metal pollutants is very important because different species induce different toxicological effects. Nanomaterial-assisted optical sensors have achieved rapid developments, displaying wide applications to heavy metal ions but few to metal speciation analysis. In this work, a novel colorimetric nanosensor strategy for mercury speciation was proposed for the first time, based on the analyte-induced aggregation of gold nanoparticles (Au NPs) with the assistance of a thiol-containing ligand of diethyldithiocarbamate (DDTC). Upon the addition of mercury species, because Hg-DDTC was more stable than Cu-DDTC, a placedisplacement between Hg species and Cu 2+ would occur, and thereby the functionalized Au NPs would aggregate, resulting in a color change. Moreover, by virtue of the masking effect of ethylenediaminetetraacetic acid (EDTA), the nanosensor could readily discriminate organic mercury and inorganic mercury (Hg 2+ ), and it is thus anticipated to shed some light on the colorimetric sensing of organic mercury. So, a direct, simple colorimetric assay for selective determination of Hg species was obtained, presenting high detectability, such as up to 10 nM for Hg 2+ and 15 nM for methylmercury. Meanwhile, the strategy offered excellent selectivity toward mercury species against other metal ions. The simple, rapid, and sensitive label-free colorimetric sensor for the determination of Hg species provided an attractive alternative to conventional methods, which usually involve sophisticated instruments, complicated processes, and long periods of time. More importantly, by using mercury as a model, an excellent nanomaterial-based optical sensing platform can be developed for speciation analysis of trace heavy metals, which can lead to nanomaterials stability change through smart functionalization and reasonable interactions.
■ INTRODUCTION
Heavy metal pollutants exhibit different species and different toxicological effects, and therefore their speciation analysis is vital. Toxic mercury species are one of the significant widespread pollution sources. Organic forms of mercury (Hg), such as methylmercury (MeHg), ethylmercury (EtHg) and phenylmercury (PhHg), have much higher toxicity than inorganic and elemental Hg due to their high liposolubility and biomagnification factor (up to 10 6 ) in the food chain. 1 For instance, MeHg species readily cross the blood−brain barrier, accumulate in the brain, and cause damage to the central nervous system and other organs. 2, 3 It is generally accepted that all of the inorganic mercury species released in the ecosystem undergo biogeochemical transformation processes and can be converted into organic forms by microorganisms and microalgae in aquatic environments. 4 In this case, recognition and detection of organic Hg is of utmost importance compared to measuring the total Hg.
Methods currently available for detecting mercury species mainly include atomic absorption spectrometry, atomic fluorescence spectrometry, and inductively coupled plasma mass spectrometry. 5−8 In general, these element-specific detectors are typically coupled with gas chromatography, high performance liquid chromatography, and capillary electrophoresis. 9 However, these instrument techniques are generally rather complicated, costly, and time-consuming. Also, these conventional methods mostly cannot discriminate organic mercury from inorganic mercury and instead measure the total Hg. Consequently, the development of rapid, simple, costeffective, selective, and sensitive methods and techniques for the determination of organic mercury at trace/ultratrace levels has become particularly significant but has proven to be a challenging task.
Recently, nanomaterial-based colorimetric assay has been widely used for rapid, specific, cost-effective, and robust analysis in environmental and biological samples, which allow trans-forming target sensing events into color changes, readily seen by the naked-eye. 10, 11 In response to the challenging task for mercury detection, a variety of colorimetric nanosensors have flourished. 12−20 Those based on the typical DNA aptamer 13−15 or specific ligands, 16−18 functionalized nanomaterials, and the nanosurface oxidation reduction reaction 19, 20 have become more and more attractive due to their simplicity, high sensitivity, and selectivity. However, most of them mainly focus on sensing inorganic mercury ions (Hg 2+ ) and those for sensing of organic mercury are rare. To the best of our knowledge, there are few reports on the applications of colorimetric sensors for the metal speciation analysis, 21, 22 especially because of the lack of selective recognition ligands.
So, herein, we develop a simple, rapid, and sensitive colorimetric nanosensor for the determination of Hg species by using the interparticle plasmon coupling on analyte-induced aggregation of gold nanoparticles (Au NPs) with the assistance of specific recognition ligands. Because Hg has a high affinity for soft donors such as sulfur, a thiol-containing ligand, diethyldithiocarbamate (DDTC) was employed. ) were obtained from the CRM/RM Information Center of China. All the standards and stock solutions were stored at 4°C in a refrigerator until use. All of the chemicals and reagents were of analytical grade and used without further purification, and deionized ultrapure water was used for aqueous solutions preparation in all of the experiments.
Instrumentation. Deionized water (18.2 MΩ cm specific resistances) was purified by a Cascada LS Ultrapure water purification system (Pall Corporation, Port Washington, NY ). UV−vis absorption spectra were measured on a Thermo Scientific NanoDrop 2000/ 2000C spectrophotometer (Thermo Fisher Scientific, Waltham, MA). Transmission electron microscopy (TEM) analysis was performed on a JEM-1230 electron microscope (JEOL, Ltd., Japan) operating at 100 kV. X-ray photoelectron spectroscopy (XPS) was performed using an AXIS Ultra DLD instrument with Mg Kα radiation as the X-ray source. All glassware used in the following procedure was cleaned in a bath of freshly prepared 3:1 (v/v) HCl−HNO 3 , rinsed thoroughly in deionized water and dried in air.
Preparation of Au NPs. Au NPs were synthesized by the citratemediated reduction of HAuCl 4 following previously published procedures 23, 24 with necessary modifications. After an aqueous solution of 1 mM HAuCl 4 (100 mL) was heated to reflux with vigorous stirring in a round-bottom flask fitted with a reflux condenser, 38.8 mM sodium citrate (10 mL) was immediately added to the boiled solution. After the mixture boiled for another 30 min and become wine red, the heating was stopped. The obtained solution was cooled to room temperature and then stored at 4°C. The average size of nanoparticles identified by TEM was about 13 nm. The particle concentration was measured by UV−vis spectroscopy and estimated to be about 9.7 nM according to Lambert−Beer's Law by using the molar extinction coefficients at the wavelength of maximum absorption of 15 nm gold colloid as reported [ε (15) ■ RESULTS AND DISCUSSION Proposed Mechanism of the CuDDTC 2 Complex Assisted Au-NP-Based Nanosensor for Hg Sensing. Scheme 1A illustrates the proposed sensing mechanism for Hg species. Originally, the CuDDTC 2 complex was employed as a specific ligand to recognize the Hg species. Because Hg has a high affinity for soft donors such as sulfur, 25, 26 in the presence
Scheme 1. Schematic Illustrations of (A) Au NP-Based Colorimetric Strategy for Hg Species Sensing and (B) Hg− DDTC Complex Attached to the Surface Of Au NPs
of Hg species, they can immediately displace the Cu 2+ in the CuDDTC 2 complex by promptly forming Hg−DDTC complexes containing two residual thiol groups for Hg 2+ and one for organic mercury (MeHg + , EtHg + , and PhHg + ), respectively, as shown in Formula S1 (Supporting Information). As is well-known, the citrate ions, which keep Au NPs from aggregation on the surfaces, can be easily displaced by thiol groups. 20, 27, 28 Thus, it is supposed that the Hg−DDTC complex could be attached to the surface of Au NPs through the Au−S linkage, as shown in Scheme 1B. Consequently, the system became so destabilized and thereby resulted in the aggregation of Au NPs and a color change from red to blue, which is different from the reported aggregation induced by the deposition of Hg 2+ onto the Au NP surface. 29 As shown in Figure 1A , a characteristic surface plasmon resonance (SPR) band of the prepared Au NPs was observed in the spectrum at approximately 520 nm (curve a, Figure 1A ). With the addition of CuDDTC 2 complex, the spectrum (curve b, Figure 1A ) was pretty much the same as that of pure Au NPs (curve a, Figure  1A ). Interestingly, upon addition of Hg species, the solution turned to blue along with the emergence of a long wavelength band at around 680 nm (curve c, Figure 1A ). The inset images in Figure 1A show this color change from red to blue. The aggregation of Au NPs was further evidenced by TEM images that revealed monodispersed Au NPs in the absence of Hg and significant aggregation in the presence of Hg, as seen in Figure  1B . Thus, the CuDDTC 2 −Au NPs system could carry out the colorimetric response to Hg 2+ and organic mercury species with varying degrees (Scheme 1A). EDTA was introduced into the sensing system, which not only masked inorganic Hg
2+
, but also facilitated the sensing of organic mercury, as illustrated in Scheme 1A. Thus, this sensor also could readily discriminate inorganic mercury (Hg 2+ ) and organic mercury (MeHg + , EtHg + , PhHg + ) using a masking agent, and therefore, mercury speciation analysis could be easily realized.
To further investigate the reaction mechanism of this system for sensing mercury species, we added each species directly to the yellow CuDDTC 2 solution and recorded the absorption spectra. As indicated in Figure 2 , the formation of Hg−DDTC complex could be explained by the evolution of the absorption spectra of CuDDTC 2 complex upon the addition of Hg. Figure  2 shows that the CuDDTC 2 complex has a wide absorption spectrum with the peak at 460 nm (curve b), as compared to DDTC (curve a), due to the metal coordination effects of the conjugated system. Upon the addition of Hg species, the absorption band at 460 nm and the yellow color of the solution disappeared gradually, which indicated that the Cu 2+ was displaced by Hg in the complex along with the formation of more stable Hg−DDTC complex, because the mercury dithiocarbamate has a much higher equilibrium constant than copper dithiocarbamate. 30−32 On account of the high affinity of Hg toward the thiol residual group, the resultant complexes of Hg 2+ , MeHg + , EtHg + , and PhHg + were estimated, respectively, as seen in Table S1 (Supporting Information). With the residual thiol group, the Hg−DDTC complex could be attached to the surface of Au NPs through Au−S bond (Scheme 1B) and induce the aggregation of Au NPs. To better understand the interaction between Hg and CuDDTC 2 complex, we freeze-centrifuged the mixture solutions of Au NPs and CuDDTC 2 with the absence and presence of Hg 2+ , dried the solutions, and characterized them by XPS. As shown in Table S2 (Supporting Information), the atomic concentrations of Hg in the dried powders were measured to be about 0 and 0.97%, respectively, indicating that all the four Hg-DDTC complexes could be attached onto the surface of Au NPs. The results suggested that the CuDDTC 2 complex could be readily transformed into a more stable Hg−DDTC complex, which could induce the aggregation of Au NPs based on the Au−S linkage.
Therefore, an Au NP-based colorimetric sensor for Hg species analysis was developed by utilizing interparticle plasmon coupling with analyte-induced aggregation of Au NPs, which resulted in a color change from red to blue. Moreover, with the aid of EDTA, only organic mercury could cause the aggregation of Au NPs. Hence, this colorimetric assay can be used to detect the presence of Hg species, especially delicately discriminate organic mercury species from Hg 2+ . Optimization of Conditions. To investigate the optimized conditions in which Au NP-based colorimetric sensor can effectively detect Hg species, we tested the effects of pH titration, concentrations of DDTC and Cu 2+ , and reaction time. In Figure S1A (Supporting Information), the absorbance ratio (A680/A520) of Au NPs was low and constant when the solution (without Hg 2+ ) pH ranged from 6.5 to 10.0, indicating that CuDDTC 2 −Au NPs were stable in the pH range. When the pH was lower than 6, the absorbance ratio (A680/A520) of CuDDTC 2 −Au NPs significantly increased. Under acidic conditions (pH < 6.5), decomposition of CuDDTC 2 complex resulted in the aggregation of Au NPs. The influence of pH on Hg-induced aggregation of CuDDTC 2 −Au NPs was also shown in Figure S1A (Supporting Information); addition of Hg 2+ resulted in a higher absorbance ratio (A680/A520). At pH > 9.0, the absorbance ratio decreased because of the formation of colloidal Hg(OH) 2 . 31 Considering the decomposition of CuDDTC 2 under acidic conditions, the optimal pH at 6.8 for detecting Hg was chosen in the following experiments. According to the changes of A680/A520, the concentrations of DDTC and Cu 2+ were chosen at 2.0 and 1.0 μM, respectively ( Figure S1B ,C, Supporting Information). The reaction time was also studied under the optimized pH in the presence of Hg 2+ (1.0 μM). The results showed that the maximum ratio of A680/A520 was obtained in 2 min after the addition of Hg 2+ and remained unchanged with a further increase of reaction time, as shown in Figure S1D (Supporting Information), indicating that it was very fast to reach equilibrium in the interaction between Hg 2+ and the CuDDTC 2 −Au NP-based sensor.
Feasibility for the Detection of Hg 2+ . The presented Au NP-based colorimetric sensor was first used to detect inorganic mercury, Hg 2+ , in the absence of EDTA. Figure 3A shows the evolution of UV−vis spectra after adding different concentrations of Hg 2+ to the sensor solution. With the increase of Hg 2+ concentration from 10 nM to 1.5 μM, the SPR band around 680 nm was gradually enhanced, demonstrating a sensitive response to Hg 2+ . Figure 3B shows the plot of aggregated degree (A680/A520) against the concentration of Hg 2+ . The fitted curve could be used for the accurate quantification of Hg 2+ in a wide range of 10 nM−1.5 μM, with a correlation coefficient of 0.997, as displayed in Figure  3C , and the inset shows an excellent quantification of Hg 2+ at low concentrations ranging from 10 nM−0.1 μM. Moreover, the limit of detection (LOD, 3 S/N) could reach as low as 2.9 nM, which meets the mandated upper limit of 10 nM for Hg , and Ag + did not cause any obvious effect on the SPR band and the color of the colloid, while the organic forms of Hg at the same concentration (0.8 μM) as Hg 2+ caused significant change in the SPR band and color of the Au NPs. One main reason is that these metal ions have much poorer chelating ability with DDTC than Hg species and thus cannot replace the Cu 2+ in the complex. 31, 32 On the other hand, it was observed the three organic mercury species presented similar colorimetric responses, while Hg 2+ afforded a much higher response. The difference of colorimetric response could be attributed to the effect of the alkyl group on the reaction activity. 32, 33 So, the nanosensor was demonstrated to be feasible for selectively detecting Hg 2+ . EDTA Assistant Specific Detection of Organic Mercury. To further investigate this sensor for the determination of organic mercury, we introduced EDTA. EDTA containing rich N and O atoms is usually employed as metal-chelator and can be used as a masking agent to discriminate Hg 2+ and MeHg + in typical methods. 34 It is a great surprise that EDTA not only can mask inorganic Hg 2+ but also can assist this method to recognize organic mercury, which endows the present colorimetric sensor an ability to discriminate Hg 2+ and organic mercury. As shown in Figure 4 , the addition of EDTA can effectively mask Hg 2+ while accelerating the recognition of organic mercury. The effect of EDTA concentration on this nanosensor response was investigated, as shown in Figure S3A (Supporting Information). With the increase of EDTA concentration, Hg 2+ was masked, and the response to organic mercury was effectively enhanced. It was supposed that the EDTA assisted the competition reaction between organic mercury and CuDDTC 2 complex, 30 as indicated by the The colorimetric response time of the CuDDTC 2 −Au NPbased probe to organic mercury was first investigated prior to the sensitivity study. As shown in Figure S3B (Supporting Information), the equilibrium was achieved in 2 min, and thus 2 min was selected as the reaction time in the following tests for organic mercury. Figure 5 provides the responses to different organic mercury species (MeHg + , EtHg + , PhHg + ) of this nanosensor, respectively. The ratio of A680/A520 was employed as the quantification indicator. Figure 5A ,B shows the UV−vis spectra of Au NP-based nanosensor and response curve for the detection of different concentrations of MeHg + , and a good linear relationship between the ratio of A680/A520 and the MeHg + concentrations was obtained over the range of 0.015−0.8 μM with an excellent quantification of MeHg + at low concentrations ( Figure 5B 1 and inset) . Figure 5C ,D displays the UV−vis spectra and the response change for different concentrations of EtHg + with a linear range of 0.026−1.3 μM (Figure 5D 1 ) , and the response results of low concentrations were also shown in the inset of Figure 5D 1 . Figure 5E ,F depicts the UV−vis spectra and response curve for PhHg + , presenting linearity within 0.15−1.20 μM (Figure 5F 1 ) . The corresponding LOD (3S/N) values were achieved up to 2.6, 8.5, and 30 nM for MeHg + , EtHg + , and PhHg + , respectively. It demonstrated that the nanosensor could simply sensitively detect organic mercury species by using EDTA as masking agents.
Selectivity toward Organic Mercury and Practical Applications. To evaluate the selectivity of this colorimetric sensor in the presence of EDTA, we examined the competitive , and 50-fold other ions are vividly shown in Figure 6 . As observed, the results demonstrated that only organic Hg species could cause the significant color change of the Au NPs, and 50-fold excess other metal ions had no obvious effect on the SPR band and the color of the colloid. Also, the Hg 2+ was effectively masked by EDTA. The above results indicated that this developed method can effectively distinguish the inorganic mercury (Hg 2+ ) and organic mercury (MeHg + , EtHg + , PhHg + ) with EDTA as the masking agent, while other metal ions had no disturbance. As seen in Figure 6 , although the three organic mercury species could not be definitely distinguished and identified, MeHg + displayed significantly higher colorimetric response than EtHg + and PhHg + , which suggested EDTA also facilitated the displacement reaction and different alkyl groups had different effect on the reaction activity. 30, 31 More attempts and explorations should be made to effectively differentiate MeHg + , PhHg + , and EtHg + . The developed nanosensor was further investigated for its practical applicability to organic mercury analysis. As shown in Table 1 , satisfactory recoveries were obtained in a range of 93.3−102.4% for two spiked concentration levels for the three organic mercury species in drinking water samples. The results clearly confirmed that this colorimetric nanosensor was potentially applicable for the accurate determination of organic mercury in real soft water samples. Meanwhile, it was found that the stability of the citrate protected Au NPs would be destroyed at high concentrations of cations (e.g., seawater matrix), causing the method to become invalid. Moreover, high contents of proteins and various other species (e.g., urine matrix) could easily lead to false results because they could also destruct the sensing system.
Recently, the Au NP-based nanosensors have emerged as international trends and presented excellent results and academic influences. Due to possible interference by undesired parameters on Au NPs, especially on the Au NPs without particular ligand modification for recognizing a specific target, applying this type of colorimetric detection in complex samples has significant challenges. However, unmodified Au NP-based colorimetric methods have still been widely successfully developed; most of them have been stabilized with citrate or Tween coatings during the preparation of the nanoparticles, which have been proved effective for the detection of target ions/molecules with satisfying results. 11, 35 Therefore, although our method is presently suitable for soft natural waters rather than complex samples, inorganic mercury and organic mercury have indeed been effectively discriminated. Also, the method can be a potential candidate with suitable sample preparation.
■ CONCLUSIONS
In conclusion, a simple, rapid, and label-free colorimetric nanosensor with high selectivity and sensitivity was constructed on the basis of the analyte-induced aggregation of Au NPs and was successfully applied to speciation analysis of mercury. By taking advantage of the stronger interaction between Hg and DDTC, as well as the masking effect of EDTA, three organic mercury species could be easily discriminated from Hg 2+ . In contrast to conventional detection methods, a key architectural improvement is the simple colorimetric sensing of organic mercury based on Au NPs. The detection ability, such as 2.6 nM achieved for MeHg + , is comparable to or even surpasses that afforded by conventional methods. Besides, more efforts are expected to further identify and detect various organic mercury species. Because many nanomaterials and ligands, as well as specific interactions between targets and substrates, have been exploited and some of them are even commercially or readily available, such a sensing strategy can provide a simple, effective optical sensing platform for colorimetric analysis of heavy metal speciation and hold great potential for the fabrication of a number of optical sensors for various metal species based on target-induced nanomaterials stability changes.
As is well-known, the applicability of nanosensors in complex samples has always been the bottleneck of challenges and effort directions. So, the applications of novel optical nanosensors in complex sample analysis will also be continuously investigated and explored. Recently, we have developed a highly sensitive visual method for detecting Cu 2+ based on the shape-dependent localized surface plasmon resonance spectroscopy of gold nanorods, and it successfully detected Cu 2+ directly in a complex matrix, especially in seawater. 36 This gives us some inspirations to develop colorimetric methods for the detection of organic mercury in complex samples. Also, we hope that the interesting attempt and new insights into the heavy metal speciation analysis will bring optimistic expectations for nanosensors that are applicable for both the heavy metal speciation analysis and complex samples. Accordingly, the successful implementation of this concept, that is, "functionalized optical nanosensor techniques for speciation analysis of trace heavy metals", will supply new principles and detection methodologies for heavy metal speciation analysis and enrich research contents of environmental/analytical chemistry, having both great scientific and practical values. 
